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Abstract 
Information of material deformation upon loading is critical to evaluate mechanical 
properties of materials in general, and key to understand fundamental mechano-stimuli induced 
response of live systems in particular. Conventionally, such information is obtained at 
macroscopic scale about averaged properties, which misses the important details of deformation 
at individual structures; or at nanoscale with localized properties accessed, which misses the 
information of deformation at locations away from the force-loading positions. Here we 
demonstrate that an integration of nanodiamond orientation sensing and AFM nanoindentation 
offers a complementary approach to the nonlocal reconstruction of material deformation. This 
approach features a 5 nm precision in the loading direction and a sub-hundred nanometer lateral 
resolution. Using this tool, we mapped out the deformation of a PDMS thin film in air and that of 
the gelatin microgel particles in water, with precision high enough to disclose the significance of 
the surface/interface effects in the material deformation. The non-local nanometer-precision 
sensing of deformation upon a local impact brings in new opportunities in studying mechanical 
response of complex material systems.   
  
Deformation measurements of heterogeneous nanomaterials1,2 (e.g. nanocomposites and 
multiphase polymers) and live systems3–5 (e.g. microbes and cells) are critical in evaluating their 
mechanical properties, and, more importantly, provide a viable means to study the mechano-
stimulation response of live systems6,7. Nanoindentation8, a method that gives the loading depth 
profile of materials, is commonly used to investigate the mechanical response upon loading9,10. 
With the development of pico-indenters and the advances of atomic force microscopy (AFM) 
based methods, localized deformation at the contact region can be routinely obtained and 
measured with lateral spatial resolution down to tens of nanometers 11–13.  However, these 
methods miss the information about the non-local response of the material to the local loading; 
such information is essential to understanding the deformation and impact transfer in 
heterogeneous structures, and how live systems respond to mechano-stimuli. Up to date, the only 
deformation measurement method that can extract non-local information is based on optical 
imaging14–19. The precision and the resolution of the optical measurement, however, is limited by 
the optical wavelength; or even with the super-resolution techniques based on single-molecule 
fluorescence, they are still limited to tens of nanometers. In typical optical measurement of 
indentation-induced deformation, indenters of large tip size (a few micrometers) are usually used 
to generate deformation large enough to be measurable (> few micrometers)16–19. Deformation of 
such large scales may miss the deformation characteristics at finer scale, which are essential to 
understanding many important deformation phenomena (such as the effects of surface tension on 
deformation at the interfaces between soft materials and liquids). Therefore, it is highly desirable 
to develop a new method that can have both non-local access of deformation and nanometer 
precision. Such a tool would facilitate the study of fine deformation characteristics of soft 
materials under weak external perturbation.    
A new opportunity is diamond sensing20–22.  Diamond sensing uses nitrogen vacancy (NV) 
centre23 spins as the sensor, which can work under ambient conditions24–28. NV centre spin 
resonances are sensitive to small changes of magnetic field, making them effective quantum 
sensors to many physical parameters via direct or indirect magnetometry measurements29–32.  In 
particular, since the spin resonance frequencies are shifted mostly by the magnetic field 
component projected to the nitrogen-vacancy axis, vector magnetometry has been developed to 
determine the relative orientation between the magnetic field and the crystallographic direction 
of the diamond lattice26,28,33–35. When a nanodiamond is docked on a material surface, the 
deformation is related to the orientation of the surface and hence the rotation of the 
nanodiamond. Based on this, with the combination of AFM-induced indentation, we propose and 
demonstrate a scheme of non-local deformation sensing using the rotation measurement of 
nanodiamonds docked on a surface.   
We reconstructed the non-local surface topography using the three-dimensional rotation 
data of NDs docked on surfaces that were deformed by AFM indentation. We adopted two data-
acquisition approaches – one with an ND fixed on a position and the AFM indentation position 
scanned around the ND (single-ND approach); another with a fixed indentation position and 
multiple NDs docked at various positions on the surface (multi-ND approach). In the proof-of-
the-concept demonstrations, we employed the single -ND approach and reconstructed the 
deformation of a PDMS film with a 5 nm precision in the loading direction and an in-plane 
spatial resolution limited by the ND size (which is ~200 nm in our experiments). The measured 
mechanical property of the PDMS film is well described by a linear elastic model that has been 
established in literature36, which validates the methodology. We further applied this sensing 
technique to measure deformation of gelatin microgel particles in water, using the multi-ND 
approach. The surface tension at soft materials/water interface is expected to play an important 
role in determining the deformation characteristics when the perturbation is weak37.We measured 
for the first time the effect of surface tension at the soft material/water interface with nanoscale 
indentation. The load-responsive sensing protocols based on the ND rotation measurement 
provide a new approach to studying spatially resolved non-local deformation, which features a 
precision < 10 nm, bringing new opportunities to investigate mechanical properties of non-
uniform media and potentially dynamical behaviors of systems under mechanical stimuli.  
 
Results 
Deformation reconstruction from ND rotation data  
Figure 1a illustrates the measurement scheme. We consider the deformation of a material 
surface induced by a localized nanoindentation with an AFM tip. NDs are docked on the material 
surface. The deformation would cause the rotation of the NDs. The rotation of the NDs can be 
measured by optically detected magnetic resonance (ODMR) of the NV centres in the NDs under 
external magnetic fields.  The nonlocal deformation of the surface (at positions other than the 
indentation location) is thus reconstructed using the ND rotation data. 
(1) Measurement of 3D rotation of NDs 
The NV centres in an ND have four inequivalent crystallographic directions23 (𝐍𝐕𝑖 , 𝑖 =
1,2,3,4, along (111), (1̅11), (11̅1), and (111̅) correspondingly) as shown in Fig. 1b-1. The 
ground state of the NV centre is a spin triplet (𝑆 = 1) with a zero-field splitting 𝐷 ≈ 2.87 GHz 
Fig. 1 | Method of deformation reconstruction via measurement of the rotation of NDs docked on 
the surface. a, An AFM tip imposes a localized indentation, causing non-local deformation of the 
surface. The NDs docked on the surface are rotated due to the deformation.  b, 1) & 2) NV centres of 
four different orientations, with angles  𝜓𝑖 and 𝜓𝑖
′  (𝑖 = 1, 2, 3, 4) from two external magnetic fields 𝐁 
and 𝐁’, respectively. 3) Rotation of the ND is characterized by the direction of the rotation axis (𝜃r, 𝜙r) 
and the rotation angle 𝜒. 4) The tangential surfaces before (dotted) and after (solid) the deformation, in 
which the intersection and the angle between the two surfaces correspond respectively to the rotation 
axis and the rotation angle of the ND docked at the surface. c, Simulated deformation (blue line) upon 
an AFM tip indentation on a homogenous material. The green line shows the simulated rotation angles 
of NDs as functions of their distance from the AFM tip.  Inset: Examples of the simulated OMDR spectra 
of the two NDs on the surface (indicated by arrows) under magnetic field 𝐁 (black) or 𝐁’ (red) with 
(solid line) or without (dash line) the indentation. 
between the 𝑚𝑆 = 0 and 𝑚𝑆 = ±1 states, which are quantized along the NV axis. In the 
presence of a weak magnetic field 𝐁 (< 100 Gauss), the frequencies of the transitions |0⟩ ↔ |±⟩ 
are  𝑓𝑖
± ≈ 𝐷 ± 𝛾𝑒𝐵 cos 𝜓𝑖, where 𝜓𝑖 is the angle between the NV axis (𝐍𝐕𝑖) and the magnetic 
field 𝐁 (Fig. 1b-1), and 𝛾𝑒 ≈ 28 MHz mT
−1 is the electron gyromagnetic ratio21. The angles 𝜓𝑖 
and in turn the orientations of the NV axes are determined from the transition frequencies, which 
can be measured by the ODMR spectra. Note that the four angles 𝜓𝑖 of the NV centres and hence 
the ODMR frequencies would be identical if the ND is rotated about the magnetic field by any 
angle. To remove such ambiguity in determination of the orientation of the ND, we applied a 
second magnetic field 𝐁′ so that the angles 𝜓𝑖
′ between the NV axes and the magnetic field 𝐁′ are 
determined from the new ODMR spectra (Fig. 1b-2). This way, the three-dimensional orientation 
of the ND is unambiguously determined. The rotation of the ND is characterized by the rotation 
axis (𝜃r, 𝜙r), with 𝜃r and 𝜙r being the polar and azimuthal angles, and the rotation angle 𝜒 (Fig. 
1b-3). The rotation axis and angle (𝜃r, 𝜙r, 𝜒) of the ND were deduced from the ODMR spectra 
before and after the rotation (details in Methods and SI Note 2). The rotation measurement 
protocol was first validated using a bulk diamond (with an ensemble of NV centres) of known 
crystallographic orientation and rotation operations (See SI Note 3).  
(2) Reconstruction of deformation  
 The deformation was reconstructed from the rotation of the NDs docked on the surface in 
the following procedure. The rotation of an ND was characterized by the rotation matrix 
𝐑(𝜃r, 𝜙r, 𝜒). The position of the ND is denoted as 𝛒 = (𝜌, 𝜃), written in polar coordinate. The 
relation between the rotation of the ND and the rotation of the tangential plane of the surface at 
𝛒, as illustrated in Fig. 1b-4, is given by the rotation of the normal direction, ?̂?(𝛒) =
𝐑(𝜃r, 𝜙r, 𝜒) ?̂?, where  ?̂?  is the normal direction of the surface before the indentation (the 𝑧-axis).  
The displacement of the surface at the position of the ND, denoted as 𝑧(𝛒), was reconstructed by 
the least-square fitting of the rotation data using the gradient field equation 𝐠(𝛒) = 𝛁𝛒𝑧(𝛒)
38, 
where the gradient is related to the rotated normal direction by 𝐧 = (−𝑔𝑥, −𝑔𝑦 , 1) (for details 
see Methods). In reconstructing the deformation, we assumed that the attached NDs had no 
relative motion or rotation against the surface. This assumption was confirmed by the fact that 
the NDs recovered their original orientation after the indentation was released (see SI Fig. S11).    
(3) ODMR simulation  
To check the feasibility of the method, we ran numerical simulations of the ODMR spectra 
of NDs docked on the surface of a soft material under an AFM indentation (see Fig. 1c). We 
considered a homogenous material upon an AFM tip indentation (Fig. 1c) and adopted the linear 
elastic model (the Hertzian model)39,40. The parameters used in the simulations were: Young’s 
modulus 𝐸 = 30 kPa, and the load force 𝑃 = 10 nN. The deformed surface and the rotation 
angle of the normal direction (𝜒) are shown in blue and green lines in Fig. 1c, respectively. 
Taking two NDs at different distances from the AFM tip as examples, we simulated their ODMR 
spectra under 𝐁 or 𝐁’ with or without the indentation (see insets in Fig. 1c).  In both NDs, eight 
ODMR resonance dips were found, corresponding to the +/- transition frequencies of the NV 
centres along the four crystallographic orientations.  The frequency shifts were clearly seen 
between the spectra with (solid line) or without (dash line) the indentation, from which the 
rotation of the respective NDs was deduced.   
 
Non-local deformation reconstruction –single-ND method 
For a laterally homogeneous material, the deformation upon a nanoindentation can be 
reconstructed with an ND sensor fixed on a position and an AFM tip scanning around the ND. 
This single-ND method is possible because on the homogeneous material the deformation at 
position A upon an indentation at position B should be the same as the deformation at B upon an 
indentation at A.  
We first demonstrated the single-ND method using a PDMS film. NDs with a typical size 
of  ~200 nm were dispersed on the surface of PDMS film by spin-coating. The thickness of the 
PDMS film was ~50 µm with an oxidized surface layer formed by O2 plasma treatment (for the 
preparation and the characterization of the PDMS film see Methods and SI Note 4). Figure 2a 
shows an AFM image of the PDMS surface with a single ND located in the centre (0,0). The 
spatial correlation was built by comparing the AFM image and the confocal image taken from 
the same area, which helped to determine the coordinates of the ND in AFM topography image 
for further indentation experiments (details of the AFM-confocal correlation microscopy are 
given in SI Fig. S6).   
The indentation experiment was carried out by descending the AFM tip into the PDMS 
film in the proximity of the ND with a programmed indentation sequence from location #1 to 
#92 (red dots in Fig. 2a). A constant loading force 𝑃 = 150 nN was applied during indentation.  
The ODMR spectra of the ND under two different magnetic fields were measured with and 
without the indentation on each location from #1 to #92 (typical ODMR spectra plotted in SI Fig. 
S7). The rotations of the ND were derived from the ODMR spectra for various displacements  
𝛒 (𝜌, 𝜃) of the ND from the AFM indentation positions, shown in Figure (Fig. 2b), in which the 
arrows represent the projected rotation axes and the rotation angle. For all indentation locations, 
the polar angle 𝜃r of the rotation axis was ~90° and the azimuthal angle 𝜙r was about  𝜙r~𝜃 −
90° dependence (Fig. 2c), that is, the rotation axes of the ND were approximately on the x-y 
Fig. 2 | Deformation reconstruction using the single-ND method. a, AFM image of typical PDMS 
surface with an ND located at the centre (the origin). The red dots represent the indentation locations 
of the AFM tip, starting with #1 and ending with #92. b, The rotations of the ND plot as arrows for the 
displacements of the ND from the 92 indentation positions. The size of the arrows represents the 
magnitude of the rotation angles 𝜒 (scale bar shown on the right), and the direction is the rotation axes 
projected to the x-y plane. c, The polar angle 𝜃𝑟 and the azimuthal angle 𝜙𝑟 of the rotation axes of the 
ND as functions of 𝜃 for the 92 indentation positions. The grey line in the upper graph is 𝜃𝑟 = 90° and 
in the lower graph is 𝜙𝑟 = 𝜃 − 90°.  d, The reconstructed surface of the PDMS film upon an AFM tip 
indentation at the centre (the origin). 
plane and perpendicular to the relative displacement 𝛒 between the ND and the AFM indentation 
position.  
The deformation due to the indentation by an AFM tip applied to the origin (0,0) was 
reconstructed from the rotation data of the ND as a function of the displacement from the AFM 
tip, as show in Fig. 2d, using the fact that the PDMS film is homogeneous on the x-y plane (see 
SI Fig. S5b). Figure 2d shows an axisymmetric characteristic about the origin.   
We further show the rotation angle 𝜒 (Fig. 3a) and the reconstructed surface 𝑧 (Fig. 3b) as 
functions of the distance 𝜌 between the ND and the AFM tip. Similar trends were obtained in all 
measurements on NDs at different locations on PDMS (data of three NDs shown in Fig. 3 and SI 
Note 4), which suggests the homogeneity of the PDMS film.  The homogeneity assumption was 
also confirmed by the almost identical load-depth profiles obtained at different locations on the 
sample by AFM indentation (See SI Fig. S5b). The standard deviation of 𝜒 was 𝜎𝜒 = 0.5° and in 
turn the standard deviation of the reconstructed z value was 𝜎𝑧 = 5.2 nm, which defines an 
unprecedented precision of deformation measurement (details of data fluctuation is given in SI 
Fig. S10).    
The rotation and deformation data are well consistent with the numerical simulation based 
on a linear elastic bi-layer model36. The model consists of an oxidized surface layer of thickness 
500 nm on the top of bulk PDMS. The oxidation layer resulted from the plasma treatment of the 
PDMS sample41,42. The 500 nm thickness of the oxidation layer was estimated from the AFM 
stiffness mapping of a cross-sectional PDMS sample (see SI Fig. S5a). In the simulation, the 
Young’s modulus of the bulk PDMS was ≈ 0.78 MPa (as measured by AFM indentation, see SI 
Note 4), and the Young’s modulus of the oxidation layer was about 9.4 MPa (about 12 times 
greater than the bulk value, which is consistent with the literature42). The simulated rotation 
angle 𝜒 of the ND and the deformation 𝑧, plot respectively in Fig. 3a and Fig. 3b, are well 
consistent with the experimental data. In addition, the simulated depth-loading curve with the 
same parameters also matches the experimental result (see SI Fig. S12b). In contrast, the 
conventional Hertzian model, which does not contain the oxidation surface layer, led to 
simulation results (dash grey lines in Fig. 3) deviating significantly from the experimental data.   
 
Non-local deformation mapping – multi-ND method  
The second protocol utilized multiple NDs to map the deformation around the indentation 
imposed at one spot. We demonstrated this multi-ND sensing of deformation induced by a single 
Fig. 3 | Comparison between deformation reconstruction from experimental data and modelling.  
a, The rotation angle (𝜒) and b, the reconstructed deformation (𝑧) as functions of the distance between 
the ND and the AFM tip. The solid lines are the simulation results of the bilayer model, with the 
shadowed regions bounded by 𝜒 ± 2𝜎𝜒 (1°)  and 𝑧 ± 2𝜎𝑧 (10 nm)  in a and b, respectively. The 
dashed lines are simulation results from the Hertzian model. The inset in b zooms in the simulation 
results near the AFM tip.  
nanoindentation on a gelatin particle in water (Fig. 4a). By measuring the rotations of the NDs, 
the deformation of the gelatin particle was reconstructed.  
We synthesized gelatin microparticles and dispersed the NDs on the surface in water 
(details see Methods). Figures 4b and 4c show the AFM and fluorescence images of a gelatin 
microparticle with NDs docked on the surface. The white dashed circle marks the boundary of 
the gelatin particle, which was about 30 µm in diameter and about 10 µm in height. The 
correlation between the AFM and the fluorescence images were used to identify the 
displacements of the NDs from an AFM indentation (details in SI Note 1).  Figure 4d shows the 
fluorescence image of an examined sample area.  The rotations of the NDs are plotted on the 
same image, with the directions of the arrows representing the rotation axes projected to the x-y 
plane and their lengths representing the rotation angles.  
The rotation measurements were carried out on eight groups of NDs (Group I-VIII) around 
eight different indentation locations. In all cases, the rotation axes of all measured NDs were 
found approximately on the x-y plane and the NDs all rotated towards their respective 
indentation locations (see SI Fig. S14). Figures 4e and 4f plot the rotation angles of the NDs in 
Group I-VIII and the corresponding deformation upon the respective indentations, as functions 
 
Fig. 4 | Multi-ND mapping of deformation induced by a single indentation. a, Schematic of the gelatin 
deformation by an AFM indentation. The NDs were dispersed on the surface of the gelatin. b, The AFM 
image, and c, The fluorescence confocal image of the gelatin sample. d, Fluorescence confocal image 
showing the NDs in Group I. The green dots mark the NDs indicated by the highest fluorescence intensity. 
The directions and the sizes of the arrows represent the rotation axes and the rotation angles of the NDs, 
respectively. The red triangle marks the position of the AFM tip indentation. e, The rotation angle 𝜒 and 
f, the reconstructed deformation taken from all eight groups of NDs (around eight different AFM 
indentation positions), plotted as functions of the distance between the NDs and the AFM tip indentation 
positions. The solid grey lines are the simulation results using the surface tension model (with a ±300 nm 
grey shadow given by the optical resolution). The dashed lines are simulation results from the Hertzian 
model. The inset zooms in the simulation results of the gelatin surface near the AFM tip.  
 
of the distance between the NDs and the indentation locations (see Methods). The data from the 
NDs in the same group are presented in the same color.   
The high precision and the small AFM tip allowed us to study an important effect in 
deformation upon loading – the effect of surface tension. The surface tension has recently been 
identified as a key factor in affecting material deformation upon loading16–19,37. The 
elastocapillary phenomenon has been disclosed as an important reflection of competition 
between the bulk elastic energy and surface energy37. However, the elastocapillary phenomenon 
only becomes significant when the scale of deformation is smaller than the elastocapillary length 
scale 𝐿 = 𝜏0/𝐸 (𝜏0 is the surface tension and 𝐸 is the Young’s modulus). To have an observable 
elastocapillary effect, one either requires the materials be very soft (with low 𝐸) and/or have high 
surface tension (large 𝜏0), or is able to measure a small deformation to high precision (for small 
indentation caused by a small tip with a weak loading).  
In our experiment, the indentation was induced by an AFM tip with a tip radius ~0.1 µm 
and with a small loading force of 15 nN. The deformation measurement based on ND rotation 
sensing allowed the small deformation to be measured to a high precision. Thus, we were able to 
perform a quantitative comparison between the experimental data and the elastocapillary model. 
We employed an elastic model including the effect of the surface tension to simulate the gelatin 
deformation upon an AFM indentation43 (see Methods and SI Note 7). The simulated results are 
shown in Figs. 4e and 4f. The simulation assumed the Young’s modulus 𝐸 = 6.5 kPa and a 
surface tension 𝜏0 = 6.5 mN m−1 for the gelatin particle measured in water.  These parameters 
were consistent with the literature reports of similar material systems44,45 and were also 
confirmed by agreement between the experimental data and the numerical simulation of the 
depth-loading profile (Fig. S17b). The surface tension effect was clearly observed in our 
deformation measurements. Indeed, the simulation without the surface tension effect (Hertzian 
model, grey dashed lines in Figs. 4e and 4f) deviates significantly from the experimental data. 
    
Discussion and conclusion 
In conclusion, we have developed a sensitive method to measure nonlocal nanoscale 
deformation by combining nanodiamond orientation sensing and AFM indentation. The 
developed technique features a high precision (~5 nm) in deformation along the loading 
direction, which is one or two orders of magnitude higher than that of the conventional 
fluorescence-based methods. The deformed surface profile obtained with high precision contains 
abundant information of material mechanical properties, leading to the disclosure of 
heterostructures in PDMS films (due to surface oxidation), and the first measurement of the 
elastocapillary effects at the gelatin/water interface.  
The two protocols, namely, the single-ND method and the multi-ND method, have 
complementary advantages and disadvantages. The single-ND approach provides an 
unprecedentedly high precision (~5 nm) in the direction of loading (𝑧) with a high laterally 
spatial resolution (~200 nm).  However, it relies on the assumption that the material is laterally 
homogeneous. For applications on laterally inhomogeneous materials, the multi-ND method is 
needed. The multi-ND method suffers from limited in-plane spatial resolution (depending on 
how dense NDs can be dispersed on the surface for ODMR measurement). 
The methods developed in this paper are expected to offer new approaches to 
investigating surface effect of the materials as well as live systems in liquid environments upon 
external weak perturbation.  
  
Methods 
Setup and sample preparation. 
We fabricated an omega shape microwave antenna on a glass slide and then spin coated 
PDMS on the top. The thickness of the PDMS was ≈ 50 µm. When the PDMS was de-gassed, 
we modified the PDMS surface with O2 plasma. The dilute ND solution (2 µg mL
−1 
concentration) was thus spin coated on the PDMS film. 
Gelatin (1.5 g) was dissolved in 10 mL deionized water at 60 °C. The 0.15 g mL−1 gelatin 
solution was added to the Span80 solution and the mixture was vigorously shaken for 20 s. After 
the shaking, the gelatin in toluene emulsion was stirred at 300 rpm and cooled under ambient 
conditions for 1 h. Then, the solidified particles were sonicated for 2 min. Finally, the particles 
were washed three times with 30 mL acetone, and then three times with 30 mL deionized 
water. The synthesized Gelatin microspheres were spin coated onto a confocal dish with a 
microwave antenna (20 µm copper wire was bonded on the surface of a glass slide before a 
holder was glued on the glass slide to have a liquid chamber with microwave access). Then the 
ND solution was dispersed on gelatin microspheres using the drop casting method. 
The setup was a home-built confocal microscope correlated with an atomic force 
microscope (see SI Note 1 for details). In the PDMS indentation experiments, two magnetic 
fields were formed by combinations of two permanent magnets (one was fixed, and the other one 
was movable between two positions so that the magnetic field was switchable between  𝐁  and  
𝐁′). In the gelatin indentation experiments, the magnetic field switching was implemented by a 
permanent magnet and an electric magnet (in which the current alternated its direction and kept 
its magnitude constant to avoid heating difference).  
 
Tracking ND rotation by ODMR spectra 
The normalized ODMR spectra under the two known magnetic fields are written as21  
𝑆(𝑓) = 𝑏 − ∑ 𝐶𝑖 [
Δ𝑓2
4(𝑓−𝑓𝑖
+)
2
+Δ𝑓2
+
Δ𝑓2
4(𝑓−𝑓𝑖
−)
2
+Δ𝑓2
]𝑖 ,                                    (1)  
where 𝑏 is the baseline, 𝐶𝑖 represents the ODMR contrast of the NV centres along the 𝑖th 
crystallographic orientation, Δ𝑓 is the linewidth (FWHM), and 𝑓𝑖
± are the transition frequencies. 
Instead of fitting the transition frequencies, we firstly fit the ODMR spectra under the two 
magnetic fields before the rotation, with the initial ND orientation (denoted as the Euler angles 
(𝛼, 𝛽, 𝛾), see SI Note 2-1 and Fig. S2b), the baselines, the contrasts, the FWHM, and the shift of 
the zero-field splitting Δ𝐷 (slightly different among different NDs) being the fitting parameters. 
Then, the rotation of the ND were determined by fitting the two ODMR spectra after the rotation 
with the specific rotation axis and angle (𝜃r, 𝜙r, 𝜒), the contrasts, and the baselines as fitting 
parameters. The Euler angles, the FWHM, and Δ𝐷 were fixed to be the results of the before 
rotation fitting. The fitting results of the contrasts and the baselines were approximately identical 
for the rotation measurements of the same ND. For details of the fitting methods, see SI Note 2-
2. 
 
Deformation reconstruction algorithm 
The deformed surface 𝑧(𝛒) was reconstructed by the least-square fitting of the ND rotation 
data using the gradient field  𝐠(𝛒) = 𝛁𝛒𝑧(𝛒)
38. The normal vector of the deformed surface is 
𝐧 = (−𝑔𝑥, −𝑔𝑦, 1) , which is related to the rotation of the attached ND as ?̂?(𝛒) = 𝐑(𝜃r, 𝜙r, 𝜒) ?̂?, 
where 𝐑 is the rotation matrix with rotation axis (𝜃r, 𝜙r) and rotation angle 𝜒,  and ?̂? is the 𝑧-
axis. Therefore, the gradient field was deduced from the rotation of the ND by 𝐠(𝛒) =
(−
?̂?𝑥
?̂?𝑧
, −
?̂?𝑦
?̂?𝑧
). For the gelatin experiment, with the assumption that the deformation was 
axisymmetric, the measured gradient field in polar coordinate was (𝑔𝜌, 𝑔𝜃) = (tan 𝜒(𝜌) , 0). The 
deformed surface was reconstructed by integration 𝑧(𝜌) = ∫ tan 𝜒(𝜌′)
𝜌
0
𝑑𝜌′. For details, see SI 
Note 4 and 6. 
 
Numerical simulation of deformation. 
The indented deformation of the PDMS film was simulated with a half-infinite linear 
elastic model with a harder coating layer under an axisymmetric loading36.  The Young’s 
modulus of the PDMS and the oxidation layer were chosen as 0.78 MPa and 9.4 MPa, 
respectively, the Poisson’s ratio was 0.33, and the thickness of the oxidation layer was 500 nm. 
The chosen parameters are consistent with the literatures42,46 and our AFM measurement, for 
details see SI Note 5. 
In the gelatin case, we used a half-infinite axisymmetric linear elastic model including the 
effect of the surface tension43. The Young’s modulus was chosen as 6.5 kPa, the Poisson’s ratio 
was 0.5,  and the surface tension of the water-gelatin interface was 6.5 mN m−1. The chosen 
parameters agree with the literatures44,45, for details see SI Note 7. 
 
Data availability. The data which supports the findings of this work is available upon request 
from the corresponding authors. 
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Supplementary Information Note 1. Setup 
 
We reconstructed a confocal-atomic force microscopy (AFM) correlation microscope to 
enable the nonlocal deformation reconstruction via nanodiamond (ND) rotation measurement (Fig. 
S1). The optically detected magnetic resonance (ODMR) measurements were carried out using a 
home-built laser scanning confocal microscope. A 532 nm laser was adopted (MGL-III-532-200 
mW, CNI), and reduction of its power fluctuation down to 0.1% was realized by applying a 
proportional integral derivative (PID) feedback control. A Nikon 100x (1.45 NA) oil immersion 
objective lens was used to collect the ND’s fluorescence signals, which was then detected by an 
avalanche photodiode (APD, SPCM-AQRH-15-FC, Excelitas) and counted by NIDAQ (PCIe-
6363, National Instrument). 
  A microwave (MW) source (N5171B EXG Signal Generator, Keysight) and an amplifier 
(ZHL-16W-43-S+, Mini-Circuit) were used to generate microwave for ODMR spectrum 
acquisition. To achieve high microwave efficiency, the MW was delivered to the NDs by an omega 
microstructure (diameter, 800 μm). 
The AFM scanning head (BioScope Resolve, Bruker) was mounted on the confocal 
microscope to measure the topography and perform indentation. A shielding was built to isolate 
the confocal-AFM correlated microscope from external environment using sound-absorbing foams 
and a temperature PID control module was used to keep the temperature fluctuation <  0.1 °C. In 
this way, sample drifting was minimized during the indentation experiment.   
 
 
 
3 
 
A peak force tapping mode was applied to obtain the topography information of the samples. 
Before the indentation experiments, correlating the confocal system and the AFM system was 
realized in two steps. We first manually overlapped the excitation laser spot with the AFM tip 
under the top view camera on top of the AFM. Then, an AFM topography image and a fluorescence 
image were captured and a correlation between the two was established by comparing the patterns 
of the NDs distribution in the two images.  
In the gelatin indentation experiments, the size (height) of gelatin particles (~10 μm) is much 
larger than the size of NDs (~ hundreds of nanometers), which made it difficult to resolve the NDs 
on the gelatin in the AFM image. The correlation between the AFM and the fluorescence images 
was established by overlapping the fluorescence image and AFM image of NDs on the 
substrate(cover slide).  For the NDs on the gelatin particles, their coordinates were determined 
Fig. S1 | Schematic of the setup. AOM: acousto-optic modulator, MW: microwave, AFM: 
atomic force microscopy, SPCM: single photon counting modules. 
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from the fluorescence images instead of the AFM ones. Consequently, the spatial resolution of the 
gelatin deformation measurements was limited by the optical resolution (~300 nm). 
 
 
Supplementary Information Note 2. Method of non-local deformation measurement 
 
(1) ND orientation and rotation  
There are four possible NV axes in a diamond lattice, (111), (11̅1̅), (1̅11̅) and (1̅1̅1)1, as 
shown in Fig. S2a. The orientation of an ND can be unambiguously defined using the NV axes.  
We first use the orientation of a certain ND (labelled as ND0) to establish the laboratory 
coordinates (Fig. S2a) by choosing the (111) direction (𝐍𝐕1
0) as the z-axis of and the (11̅1̅) 
direction (𝐍𝐕2
0) in the x-z plane. The four NV orientations 𝐍𝐕𝑖
0 of ND0 can then be written as unit 
vectors as 
                            𝐍𝐕1
0 = (0, 0, 1),                           𝐍𝐕2
0 =
1
3
(2√3, 0, −1),          
𝐍𝐕3
0 =
1
3
(−√3, −√6, −1),        𝐍𝐕4
0 =
1
3
(−√3, √6, −1).                        (S2-1) 
 
 The orientation of an arbitrary ND (ND-I) is specified by the Euler angles  (𝛼, 𝛽, 𝛾) (Fig. 
S2b), the angles of three sequential rotations that transfer the orientation of ND0 (whose 
crystallographic directions set the laboratory coordinate system) to that of ND-I: first a rotation of 
𝛼 about the 𝑧-axis in laboratory coordinate system (which transfers the 𝑦-axis to 𝐍(𝑦)); then a 
rotation of  𝛽 about 𝐍(𝑦) (which transfers the 𝑧-axis to the 𝑧’-axis); and finally a rotation of  𝛾 
about the 𝑧′-axis. The rotation matrix of such an operation is2 
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𝐑I(𝛼, 𝛽, 𝛾) = 𝐑𝑧(𝛼)𝐑𝑦(𝛽)𝐑𝑧(𝛾) = (
𝑐𝛼𝑐𝛽𝑐𝛾 − 𝑠𝛼𝑠𝛾 −𝑐𝛾𝑠𝛼 − 𝑐𝛼𝑐𝛽𝑠𝛾 𝑐𝛼𝑠𝛽
𝑐𝛼𝑠𝛾 + 𝑐𝛽𝑐𝛾𝑠𝛼 𝑐𝛼𝑐𝛾 − 𝑐𝛽𝑠𝛼𝑠𝛾 𝑠𝛼𝑠𝛽
−𝑐𝛾𝑠𝛽 𝑠𝛽𝑠𝛾 𝑐𝛽
),     (S2-2)  
where 𝐑𝑧 and 𝐑𝑦 are the matrices of the rotations about the 𝑧-, and 𝑦-axes, respectively, and 𝑐 and 
𝑠 stand for Cosine and Sine with 𝑐𝑥 = cos 𝑥 and 𝑠𝑥 = sin 𝑥. The corresponding NV orientations 
in ND-I are related to those of ND0 by 𝐍𝐕𝑖
I = 𝐑I(𝛼, 𝛽, 𝛾)𝐍𝐕𝑖
0.  Figure S2c shows the orientation 
of an ND with (𝛼, 𝛽, 𝛾) = (45°, 20°, 65°).  
Fig. S2 | Geometry of the ND rotation measurement. a, The four crystallographic orientations of the 
NV centers in a certain ND (labelled as ND0). The laboratory coordinates are chosen such that (111) 
direction (𝐍𝐕1
0) is along the z-axis of and the (11̅1̅) direction (𝐍𝐕2
0) is in the x-z plane. b, The Euler 
angles representing the orientation of an arbitrary ND, obtained from the orientation of ND0 by three 
rotations in sequence (1, 2, and 3). c, The two magnetic fields and the orientation of the ND used in the 
simulations. d, An rotation with the rotation axis (orange arrow) defined by (𝜃r,𝜙r) and the rotation 
angle 𝜒. d, Illustration of the sample surface with (blue grid) and without (grey grid) indentation.  The 
black and red arrows are the normal vectors of the surfaces. The green arrows are the surface gradient 
field.  
6 
 
 
The rotation of an ND can be described by the rotation axis (𝜃r, 𝜙r)  (in the spherical 
coordinates) and the rotation angle 𝜒 (see Fig. S2d). The rotation matrix R is defined by2 
𝐑(𝜃r, 𝜙r, 𝜒)𝐯 = (cos 𝜒)𝐯 + (sin 𝜒)𝐮 × 𝐯 + (1 − cos 𝜒)𝐮𝐮 ∙ 𝐯,                  (S2-3) 
where 𝐯 is an arbitrary vector, and 𝐮 = (sin 𝜃r cos 𝜙r , sin 𝜃r cos 𝜙r , cos 𝜃r ) is the unit vector of 
the rotation axis. The orientation of an ND after the rotation is characterized by the Euler angles 
(𝛼′, 𝛽′, 𝛾′). The rotation 𝐑(𝜃r, 𝜙r, 𝜒) of the ND was obtained by comparing its Euler angles before 
and after the operation, that is 𝐑(𝜃r, 𝜙r, 𝜒)𝐑I(𝛼, 𝛽, 𝛾) = 𝐑I(𝛼′, 𝛽′, 𝛾′). 
 
(2) Determination of the NV orientations 
In the presence of known magnetic field(s) (calibration of the magnetic fields can be found 
in SI Note 3), the orientations of NV centres can be determined from the experimentally measured 
frequency shift of the ODMR3 spectra. The ground state of an NV center is a spin triplet state (𝑆 =
1) with a zero-field splitting 𝐷 ≈ 2.87 GHz  between the 𝑚𝑆 = 0  and 𝑚𝑆 = ±1  states defined 
along the NV axis. The Hamiltonian of the NV center is written as4 
𝐻𝑖 = 𝐷(𝐍𝐕𝑖 ⋅ ?̂?)
2
+ 𝛾𝑒𝐁 ⋅ ?̂?,                                             (S2-4)   
in the presence of a magnetic field B, where  ?̂? = (?̂?𝑥, ?̂?𝑦, ?̂?𝑧) is the spin-1 operator and 𝛾e ≈
28 MHz mT−1 is the electron gyromagnetic ratio. By diagonalizing the Hamiltonian, the transition 
frequencies 𝑓𝑖
±, up to the second order perturbation, are determined as3 
𝑓𝑖
± = 𝐷 +
3𝛾e
2𝐵2
2𝐷
sin2 𝜓𝑖 ± 𝛾e𝐵 cos 𝜓𝑖 √1 +
𝛾e
2𝐵2
4𝐷2
tan2 𝜓𝑖 sin2 𝜓𝑖,               (S2-5) 
where  𝜓𝑖 = cos
−1(𝐍𝐕𝑖 ⋅ 𝐁/𝐵) is the angle between the NV axis and the external magnetic field 
𝐁. For a given magnetic field, the orientation of the 𝐍𝐕𝑖 (and hence that of the ND) is determined 
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from the angles 𝜓𝑖. However, if the ND it is rotated by any angle about the magnetic field 𝐁, the 
ODMR frequencies are unchanged. This ambiguity intermingling the orientation can be removed 
by introducing another magnetic field 𝐁′ along a different direction from B. In this way, another 
set of angles 𝜓𝑖
′ can be obtained, which enables the unambiguous determination of the orientation 
of the ND. By the least-square fitting of the respective transition frequencies 𝑓𝑖
± (with 𝐁) and 𝑓𝑖
′± 
(with 𝐁’), with the Euler angles (𝛼, 𝛽, 𝛾) and the zero-field splitting 𝐷 as the fitting parameters, 
we obtained the orientation of the ND. Once the ND orientation (characterized by the Euler angles) 
are determined, the comparison of the orientations before and after the rotation gives the rotation 
data (𝜃r, 𝜙r, 𝜒).  
 
In practice, instead of fitting the transition frequencies, we directly fit the four ODMR spectra 
under magnetic field 𝐁 or 𝐁’ before and after the rotation to deduce the rotation of the ND. The 
normalized ODMR spectrum is written as4 
𝑆(𝑓) = 𝑏 − ∑ 𝐶𝑖 [
Δ𝑓2
4(𝑓−𝑓𝑖
+)
2
+Δ𝑓2
+
Δ𝑓2
4(𝑓−𝑓𝑖
−)
2
+Δ𝑓2
]𝑖 ,                            (S2-6)  
where 𝑏 is the baseline, 𝐶𝑖 represents the ODMR contrast of the NV centres along the 𝑖th direction 
and Δ𝑓 is the linewidth (FWHM). In the least-square fitting, the initial orientation of the ND were 
firstly deduced from the two ODMR spectra before the rotation by employing the Euler angles 
(𝛼, 𝛽, 𝛾), the baselines, the contrasts, the FWHM, and the shift of the zero-field splitting Δ𝐷 
(slightly varied among NDs) as the fitting parameters. Then, the rotation of the ND were 
determined by fitting the two ODMR spectra after the rotation with the specific rotation axis and 
angle (𝜃r, 𝜙r, 𝜒), the contrasts, and the baselines as fitting parameters. The Euler angles, the 
FWHM, and Δ𝐷 were fixed to be the results of the before rotation fitting. The fitting results of the 
contrasts and the baselines were approximately identical for the ODMR measurements of the same 
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ND. The slightly variation of the parameters were due to the laser and the MW power fluctuation 
between the ODMR measurements. 
 
(3) Reconstruction of deformation from ND rotation data 
The surface of the material before indentation is assumed to be horizonal (𝑧 = 0) with the 
surface normal  ?̂? = (0, 0, 1) (Fig. S2d). The deformed surface due to the AFM indentation 
becomes 𝑧(𝛒), where 𝛒 is a point on the x-y plane. The normal vector of the deformed surface is 
defined as 𝐧 = (−𝑔𝑥, −𝑔𝑦, 1) , where 𝐠(𝛒) = (𝑔𝑥 , 𝑔𝑦) = 𝛁𝛒𝑧(𝛒)  is the gradient field of the 
deformed surface. If there is neither translation nor rotation relative to the surface of a given ND 
docked at point 𝛒, the unit normal vector of the deformed surface can be derived from the rotation 
data of the ND 𝐑(𝜃r, 𝜙r, 𝜒) from   
?̂?(𝛒) = (𝑛𝑥, 𝑛𝑦, 𝑛𝑧) = 𝐑(𝜃r, 𝜙r, 𝜒) ?̂?.                                    (S2-7) 
In turn, the gradient field 𝐠(𝛒)  is 𝐠(𝛒) = (−
?̂?𝑥
?̂?𝑧
, −
?̂?𝑦
?̂?𝑧
) .  The deformed surface 𝑧(𝛒)  was 
reconstructed from 𝐠(𝛒𝑛) at a discrete set of locations {𝛒𝑛}, by minimizing the global least-square 
cost function5 
𝜖[𝑧(𝛒)] = ∑ |𝐠(𝛒𝑛) − 𝛁𝛒𝑧(𝛒𝑛)|
2
𝑛 .                                     (S2-8) 
 
(4) Deformation and ODMR simulation 
The axisymmetric deformation 𝑧(𝜌) of a homogenous material caused by the indentation of 
an AFM tip (cone-shaped with tip radius 100 nm and half-angle 12°) was numerically simulated 
with a linear elastic model (the Hertzian model)6,7. The result is shown as the blue line in Fig. 1c 
in the main text. For an ND docked on the deformed surface, the corresponding rotation angle 𝜒 
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of the ND induced by the indentation was calculated as 𝜒(𝜌) = tan−1[𝜕𝜌𝑧(𝜌)] and the result is 
shown as the green line in Fig. 1c. 
 
Taking an ND with initial orientation specified by the Euler angles (𝛼, 𝛽, 𝛾) =
(45°, 20°, 65°)  (configuration shown in Fig. S2c) and rotated about the axis specified by  
(𝜃r, 𝜙r) = (90°, 25°), we simulated the ODMR spectra of the ND as a function of the rotation 
angle 𝜒 , for two different magnetic fields 𝐁 = (60 Gauss, 5°, 90°)  and 𝐁′ =
(60 Gauss, 30°, 270°) (shown in Fig. S2c). The contrasts of the NV centers were set to {𝐶𝑖} =
(0.7%, 1.2%, 0.8%, 1.4%) and 𝛥𝑓 = 7 MHz in all the cases. The contrasts and linewidths of the 
ODMR spectra with the two magnetic fields were set to be the same due to the small angle (35°) 
between the two fields. Two examples of such ODMR spectra (with the two rotation angles 𝜒 =
2° and 8°) are presented in Fig. 1c in the main text, and the frequency shifts in all simulated ODMR 
spectra are plotted in Fig. S3. 
 
 
Fig.S3 | Simulated ODMR spectra as a function of the rotation angle 𝜒  under magnetic fields 𝐁 (a) and 
𝐁′ (b).  
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Supplementary Information Note 3. Method validation 
 
Feasibility of the proposal was firstly evaluated by measuring the rotation of a bulk diamond 
(containing NV ensembles) of known orientations. Figure S4a shows an optical image of the bulk 
diamond. We set the (01̅1) and (011) axes of the diamond as the 𝑥- and 𝑦-axes, respectively. The 
four directions of the NV centers are shown in Fig. S4b with color arrows. The corresponding 
Euler angles of this diamond were (𝛼, 𝛽, 𝛾) = (0°, 125.3°, 0°). The applied magnetic field 𝐁 (light 
blue arrow in Fig. S4b) had two components with one from a permanent magnet and the other 
from an electromagnet placed in the vicinity of the sample. 𝐁′ (green arrow in Fig. S4b) was 
obtained simply by inverting current flow direction in the electromagnet. Calibration of  𝐁 and 𝐁′ 
was carried out by fitting the ODMR spectra (black dotted lines in Fig. S4c) taken from the bulk 
diamond (with the above specified Euler angles) under the magnetic field 𝐁 or 𝐁′. Least-square 
fitting was adopted (Eq. (S2-6)), with the magnetic field, the shift of the zero-field splitting Δ𝐷, 
the baselines 𝑏 , the contrasts 𝐶𝑖  and the linewidth Δ𝑓  being the fitting parameters. The two 
magnetic fields were calibrated as 𝐁 = (51.2 Gauss, 84.2°, 169.7°)  and 𝐁′ =
(54.5 Gauss, 70.3°, 169.9°). The fitting results of the ODMR spectra are shown in grey lines in 
Fig. S4c. The other fitting parameters were obtained as Δ𝐷 = 1.1 MHz , {𝐶𝑖} =
(1.6%, 1.4%, 1.1%, 1.5%), and Δ𝑓 = 6.4 MHz (broadened by the 14N hyperfine structure of the 
ODMR spectrum).  
 
The bulk diamond sample was rotated anticlockwise about the z-axis. The optical image of 
the bulk diamond after the rotation is shown in the lower panel of Fig. S4a. Two ODMR spectra 
under 𝐁 or 𝐁′ were acquired after the rotation (red dotted lines in Fig. S4c). By fitting the ODMR 
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spectra with the known initial Euler angles of the diamond sample and the pre-calibrated magnetic 
fields, the rotation axis and angle were deduced as (𝜃r, 𝜙r, 𝜒) = (4°, 290°, 20.8°). The 𝜃r~ 4° 
suggesting a small deviation of the rotation axis (grey arrow plotted in Fig. S4b) from the z-axis 
(𝜃r =  0°). It was possibly caused by the manual manipulation of the sample stage for rotation 
Fig. S4 | Rotation measurement of a bulk diamond. a, Optical image of the bulk diamond before (upper) 
and after (bottom) the rotation. Before rotation, the sample was positioned with the (01̅1) and (011) 
crystallographic axes along the x-, and y-axes of the laboratory frame, respectively. A 21° clockwise 
rotation is applied to the image after rotation in order to regain its original orientation. b, Schematic 
showing the configuration of the magnetic fields 𝐁 and 𝐁’, and the orientations of the NV centers inside 
the bulk diamond. The grey arrow marks the rotation axis. c, ODMR spectra of the bulk diamond before 
(black dots) and after (red dots) rotation under the magnetic field 𝐁 (upper) or 𝐁′ (bottom). The grey 
and red lines are the best fitting. 
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operation. The deduced rotation angle 𝜒 ∼ 20.8° was consistent with the rotation angle (~21°) 
measured from the optical images before and after the sample rotation (Fig. S4a).  
 
 
Supplementary Information Note 4. Reconstructing the deformation of a PDMS thin film 
 
(1) Fabrication of PDMS films and their characterizations 
PDMS was synthesized by mixing the precursor and cross linker with a ratio of 5:1. A 
microwave antenna was amounted a glass slide. The PDMS was then spin-coated onto the glass 
slide. After degassing, the surface of the PDMS film was modified by O2 plasma to generate a 
surface oxidized layer8,9. At last, the NDs were spin coated on the PDMS film. The thickness of 
the PDMS film was measured to be ~50 μm  (from optical measurement). To estimate the 
thickness of the oxidized surface layers, we prepared a cross-sectional PDMS sample by putting 
together two PDMS films with oxidized surfaces face to face.  Figure S5a shows the AFM stiffness 
mapping of the cross-sectional PDMS. The dark region represents the bulk PDMS, and the bright 
region is the surface layer (with larger stiffness). A ~500 nm thickness of the surface oxidation 
layer was estimated from the thickness between the two dashed lines. AFM nanoindentation was 
performed on the bulk PDMS far from the oxidized surface, and Young’s modulus of the bulk 
PDMS was obtained as 𝐸~0.78 MPa with the Hertzian model6,7. 
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A silicon nitride cantilever (DNP10-A Bruker) was applied to image and indent the PDMS 
film. After calibrating the spring constant and deflection sensitivity of this tip, the PDMS film was 
imaged in a peak force tapping mode and then indented in a ramp mode. Figure S5b shows a few 
typical load-depth profiles obtained by nanoindentation performed at the spots labeled in the inset. 
The almost identical load-depth profiles of indentations carried out at different location on the 
sample suggest the homogeneity in the x-y plane of the PDMS film. 
 
(2) Methods of orientation measurements of surface anchored NDs under an AFM tip 
indentation 
NDs were dispersed on the surface of PDMS film by spin coating. In this protocol, dilute ND 
solution (2 μg mL−1) was employed to avoid NDs aggregation on the surface. Figure S6a shows 
the AFM topography image with NDs located on a 40 × 40 μm PDMS surface, correlating well 
with the confocal image (Fig. S6b) taken from the same area by the pattern of ND spatial 
distribution (marked by the white dash rectangles).  The indentation experiment was carried out 
by lowing the AFM tip into the PDMS film in the proximity of a chosen ND (e.g. point 30 as 
Fig. S5 | Mechanical properties of oxidized PDMS film. a, The AFM stiffness mapping of a cross-
sectional PDMS sample with surface oxidization. The white dashed lines separate the bulk and the 
surface layers. b, Force-depth profiles of the nanoindentations at different spots of the PDMS film. The 
inset shows the AFM image of the PDMS film, and the color crosses label the spots where the 
nanoindentations were applied.  
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shown in Fig. 2a in the main text) at a constant force 𝑃 = 150 nN.  ODMR spectra of the ND were 
recorded with and without an indentation at two pre-calibrated specific magnetic fields (using bulk 
diamond, see SI Note 3) as 𝐁 = (69.6 Gauss, 89.4°, 0.0°) or 𝐁′ = (75.5 Gauss, 104.3°, 13.6°).  
 
Using the methods described in SI Note 1-2, the initial orientation of the ND (without 
indentation) was deduced from its ODMR spectra under 𝐁 and 𝐁′ and the corresponding fittings 
(black dots and lines in Fig. S7). The characteristic Euler angles were determined as (𝛼, 𝛽, 𝛾) =
(−156.2°, 85.1°, 71.2°). Rotation of the specific ND was then determined by fitting the ODMR 
spectra with the indentation as (𝜃r, 𝜙r, 𝜒) = (90°, 76°, 2.7°) (red dots and lines in Fig. S7).  
 
(3) Deformation reconstruction 
For the x-y plane homogeneous medium, we adopt the single-ND method to reconstruct the 
deformation. Experimentally, the ND orientation sensor was fixed on a position with an AFM tip 
performing nanoindentation around the ND. This single-ND  method is possible because on the 
Fig. S6 | Correlated AFM and fluorescence images. a, AFM topography image with NDs (white dots) 
on a 40 × 40 μm PDMS surface. Some NDs are circled by pink dash lines. b, Confocal image taken 
from roughly the same region. The two images are correlated (marked by white dash rectangles) by 
the pattern of the NDs distribution. The white arrows indicate the same ND in the two images.  
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homogeneous material the deformation at position A upon an indentation at position B should be 
the same as the deformation at B upon an indentation at A. The AFM indentation was performed 
in the proximity of the ND at the centre (0,0) in a programmed manner (indentation locations 
marked as red dots in Fig. 2a in the main text, the sequence of the indentations from 1-92 is marked 
by the blue arrows). The rotation of the ND upon each indentation were derived from the ODMR 
spectra for various displacements 𝛒 (𝜌, 𝜃) of the ND from the AFM indentation positions (as 
shown in Fig. 2b in the main text). The deformation due to the indentation by an AFM tip applied 
to the origin (0,0) was reconstructed from the gradient field 𝐠(𝛒) deduced by the rotation data of 
the ND (details see SI Note 2-3). In the reconstruction process, the missing gradient field in the 
center and the edge of the deformed surface was estimated by the curvature-minimizing 
interpolant10.  
 
The experiments have been repeated using different NDs on different locations of the PDMS 
film, and similar results were obtained. Here we show results obtained from another NDs as 
Fig. S7 | Typical ODMR spectra with and without an indentation. The ODMR spectra without (black 
dots) and with (red dots) indentation under magnetic field 𝐁 (a) or 𝐁′ (b). Black and red solid lines are 
the fitting results of the ODMR spectra. Grey lines indicate the positions of the resonance peaks before 
indentation.  
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examples (ND2 and ND3). The AFM images of the two NDs are shown in Fig. S8a and b, 
respectively.  The same methodology has been adopted. Initial Euler angles of ND2 and ND3 are  
(𝛼, 𝛽, 𝛾) = (−5.0°, 112.7°, 21°)  and (−12.1°, 89.6°, −159.0°) , respectively. By fitting the 
ODMR spectra, the rotations of the NDs with different indentations were obtained. Similar to data 
(of ND1) present in the main text (Fig. 2b), the rotation of the ND2 and ND3 for various 
displacements  𝛒 (𝜌, 𝜃) of the ND from the AFM indentation positions are shown in Fig. S8c, and 
d, respectively, in which the arrows represent the projected rotation axes and the rotation angle. 
Fig. S8 | Deformation reconstruction using the single-ND approach.  a and b, AFM image of typical 
PDMS surface with the ND2 and ND3 located the center (origin), respectively. The red dots represent 
the actual indentation locations of the AFM tip and the blue arrows direct the indentation sequence, 
starting with #1 and ending with #92. c and d, The rotations of the ND plot as arrows for the 
displacements of the ND2 and ND3, respectively, from the 92 indentation positions. The size of the 
arrows represents the magnitude of the rotation angles 𝜒 (scale bar shown on the right), and the 
direction is the rotation axes projected to the x-y plane.  
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The rotation axis is always found on the tangential direction of the circle centered on the origin, 
suggesting that the NDs always rotates towards to indentation point. The sizes of the arrows 
represent the rotation angle 𝜒. The larger the separation distance between the indenting location 
and the NDs, the smaller the rotation angle. Two abnormal points are found in Fig. S8c near the 
indentation points (marked by red arrows in Fig. S8c). This is likely induced by the tip-sample 
interactions when the indenting tip is very close to the ND—artificial displacement of NDs can be 
induced, resulting in the abnormal signals. Together with results obtained from ND1 (presented in 
the main text), here we plot the polar angle 𝜃r and the azimuthal angle 𝜙r of the rotation axis for 
all three NDs as a function of 𝜃 in Fig. S9a and b, respectively. The rotation axes of all three NDs 
Fig. S9 | Deformation reconstruction using the single-ND approach.  a, The polar angle 𝜃r and b, the 
azimuthal angle 𝜙r of the rotation as functions of 𝜃 for the three NDs. The grey line in b is the 
condition 𝜙r = 𝜃 − 90°. c and d, The reconstructed surface of the PDMS film during the AFM tip 
indentation for ND2 and ND3, respectively.  
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are approximately on the x-y plane (i.e., 𝜃r~90° ) and are perpendicular to 𝛒 (i.e., 𝜙r~𝜃 − 90°). 
The deformed surfaces of ND2 and 3 were reconstructed via the gradient fields as illustrated in 
Fig. S9c, and d, respectively. The deformed surfaces are approximately axisymmetric about the 
AFM indentation at (0, 0).  
 
The deviations of the rotation angle (𝜒) and the reconstructed surface (𝑧) measurement are 
defined as 𝛿𝜒 = 𝜒 − ⟨𝜒⟩𝜌 and 𝛿𝑧 = 𝑧 − ⟨𝑧⟩𝜌, where ⟨𝜒⟩𝜌 and ⟨𝑧⟩𝜌 are the respective mean value 
at the same 𝜌 (distance between the ND and the AFM tip indentation) for each ND experiment. 
Probability distributions of the 𝜒 and 𝑧 deviations for experimental data taken from all three NDs 
(blue and green shades) follow Gaussian distribution (blue and green lines) are illustrated in Fig. 
S10a and b. The standard deviations for the rotation angle and reconstructed surface measurements 
are about 𝜎𝜒 = 0.51° and 𝜎𝑧 = 5.2 nm, respectively. In the present experiments, a sufficiently 
long measurement time was ensured, so the precision of the deformation measurement is not shot-
noise limited, but dominated by the environmental fluctuations, such as system mechanical 
vibration and temperature fluctuation.  
Fig. S10 | The probability distribution of the deviation of a, the rotation angle 𝜒 and b, the 𝑧-direction 
deformation.   
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AFM image and the ODMR spectra before and after the indentation experiments are 
compared for ND1 (Fig. S11). Complete recovery of the PDMS surface after releasing the load is 
suggested by the absence of surface dent marks (Fig. S11b). Identical patterns on the AFM images 
before and after the indentations (Fig. S11a and b) reveal the little relative motion of ND particles 
on such a surface before and after the indentation experiments. Moreover, little change in the 
orientation of ND1 before and after the indentation was observed, as suggested by the identical 
resonance frequencies of the corresponding ODMR spectra (Fig. S11c and d). These results 
Fig. S11 | The position and ODMR spectra of the measured ND before and after the indentation 
experiments. a and b, The AFM image of the PDMS surface with the ND1 at center before, and after 
the indentation experiments, respectively. The patterns drawn in dashed lines matches each other in a 
and b. The ODMR spectra before (black dots) and after (red dots) the indentations under magnetic field 
𝐁 (c) or 𝐁′ (d). Black and red lines are the fitting results of the ODMR spectra. Grey lines indicate the 
positions of the resonance peaks before indentation.  
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suggest that the ND had little relative motion and rotation against the PDMS surface throughout 
the indentation experiments.    
 
 
Supplementary Information Note 5. Simulation of the PDMS deformation.  
 
The indentation induced deformation of PDMS film was simulated using a linear elastic 
model of a layer/bulk system under an axisymmetric loading, as illustrated in Fig. S12a. The 
PDMS film (thickness ~50 μm) was modeled as a half-infinite substrate with a surface layer 
(formed due to oxygen plasma treatment as illustrated in SI Note 4-1). Literature suggested that 
the oxidized surface layer is stiffer than the bulk PDMS with approximately one-order of 
magnitude larger elastic modulus9. For simplicity, both the surface layer (with thickness 𝑡 , 
Young’s modulus 𝐸1 , and Poisson’s ratio 𝜈1) and the bulk PDMS (Young’s modulus 𝐸0  and 
Poisson’s ratio 𝜈0) were assumed to be isotropic. We adopted the same method as in Ref. 11 to 
Fig. S12 | Simulation of the PDMS deformation. a, Schematic of layer/bulk model under indentation. 
b, Indentation force-depth profile of the PDMS film (blue dots). Grey line is the simulation result for 
the layer/bulk model. Grey dash line is the result for Hertzian model. 
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simulated the system. The parameters were chosen as 𝐸0 = 0.78 MPa, 𝐸1 = 9.4 MPa, 𝜈0 = 𝜈1 =
0.33, and 𝑡 = 500 nm. The shape of the AFM tip was estimated as a cone with tip radius 50 nm 
and half-angle 25° (from SEM). The indentation force-depth curve was calculated (grey line in 
Fig. S12b) and agrees well with the experiment results (blue dots in Fig. S12b) obtained by the 
AFM tip indentation on the PDMS sample. As a comparison, the simulation results obtained by 
Hertzian model6,7, assuming the indented material to be a half-infinity homogenous solid with a 
Young’s modulus of 𝐸 = 3 MPa, are presented using dash lines to describe the force-depth profile 
(Fig. S12b).  
 
 
Supplementary Information Note 6. Deformation reconstruction of gelatin upon AFM 
indentation. 
 
(1) Fabrication and characterizations of the gelatin particles  
         In a standard procedure, 1.5 g gelatin was dissolved in 10 mL deionized water at 60 °C. At 
the same time, 0.2 g Span80 was dissolved in 40 mL toluene in a 100 mL round-bottom flask 
at 60 °C. Then 2 mL of the previously prepared 0.15 g mL−1 gelatin solution was added to the 
Span80 solution and they were uniformly mixed. After that, the gelatin in toluene emulsion was 
stirred at 300 rpm and cooled in ambient condition for 1 h. Then, the solidified particles were 
sonicated for 2 min. Finally, the particles were washed three times with 30 mL acetone, followed 
by another three times’ wash using 30 mL deionized water/time.    
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  We put the gelatin microparticles on the glass substrate and randomly disperse the NDs on 
their top. To image and indent soft material in liquid environment, a cantilever (PFQNM-LC, 
Bruker) with small spring constant of 0.089 N m−1 and large tip radius of 0.15 μm was used. We 
imaged gelatin particles in peak force tapping mode with peak force of 300 pN (Fig. 4b in the main 
text). Indentation was applied on the gelatin samples at different locations. Figure S13 shows the 
force-depth plots obtained by indentation performed at different location of the gelatin particle. 
Similar results were obtained, suggesting homogeneity in x-y plane of the gelatin particle. 
 
(2) Orientation measurements of surface anchored NDs under an AFM indentation and 
deformation reconstruction 
Deformation of gelatin was investigated using multiple NDs dispersed on the sample surfaces. 
Gelatin particles of 30 µm (diameter) were firstly dispersed on to a culture dish, 20 μL ND aqueous 
solution (2 μg mL−1 concentration) were then dropped on to the gelatin samples. After the NDs 
were docked on the gelatin samples, water was added to immerse both the sample and AFM tip. 
The indentation experiments were carried out in the center region of the gelatin particle, where the 
Fig. S13 | Force-depth profiles of the indentations at different spots on the gelatin particle. 
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surface is close to a horizontal plane (the rms roughness is 20 nm with a height difference of 
~150 nm from the center to the boundaries of the examined area; the separation distance from the 
center to the boundary is 2 μm). Upon any specific indentation, rotations of selected NDs at 
different distance away from the indentation location defines the gradient field there.  
 
Fig. S14 | Deformation reconstruction based on the multi-ND approach. a to h, Confocal images of 
gelatin with the indentation carried out at location 1 to 8 (red triangle in the figures). Green circles mark 
the positions of the NDs. The orientations and the sizes of the black arrows represent the direction of 
the rotation axes, and the magnitude of the rotation angles of the relevant NDs, respectively.  
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Eight sets of experiments were carried out on different locations on the gelatin (all within the 
central region to ensure that the starting planes are horizontal) with identical indentation force 𝑃 =
15 nN. The fluorescence images of these 8 sets of experiments are shown in Fig. S14. The 
indentation location is marked by the red triangle, and the ND locations are marked by green circles. 
The distance between the indentation location and the measured NDs in each set of the experiments 
were determined by correlating the respective fluorescence image with the AFM image (for details, 
see SI Note 1). Pre-calibrated magnetic field 𝐁 = (66.7 Gauss, 62.3°, 167.3°)  or 𝐁′ =
(57.8 Gauss, 84.8°, 167.3°) was applied. Figure S15 gives the ODMR spectra taken from ND a 
(marked in Fig. S14a) and b (marked in Fig. S14f) with and without indentations as examples. 
Without indentations, the characteristic Euler angles were determined as (𝛼, 𝛽, 𝛾)a =
(156.4°, 83.6°, −60.4°) and (𝛼, 𝛽, 𝛾)b = (−16.9°, 93.2°, 172.2°) by fitting the ODMR spectra 
(black dots and lines in Fig. S15). Rotations of the NDs were then determined by fitting the ODMR 
Fig. S15 | Typical ODMR spectra of the measured NDs with and without indentations.  The ODMR 
spectra without (black dots) and with (red dots) indentation under magnetic fields 𝐁 (upper) or 𝐁′ 
(bottom) taken from a, NDa (in experiment Set 1 as marked in Fig. S14a) and b, NDb (in Set 6 as marked 
in Fig. S14f). Black and red solid lines are the fitting results of the ODMR spectra. Grey lines indicate 
the positions of the resonance peaks before indentation.  
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spectra with indentations, as (𝜃r, 𝜙r, 𝜒)a = (95.3°, 314.2°, 28.4°)  and (𝜃r, 𝜙r, 𝜒)b =
(110°, 295°, 5.7°) (red dots and lines in Fig. S15). The deduced rotation axes and angles of the 
NDs in each of the indentation experiments are marked in the corresponding locations in Fig. S14. 
Figure S16a and b plots the polar angles 𝜃r and the azimuthal angles 𝜙r of the rotation axis as  
functions of the polar angle 𝜃 (ND position in the polar coordinate (𝜌, 𝜃)). A reasonable agreement 
exists between the experimental results and  𝜙r = 𝜃 − 90° (grey line in Fig. S16b), suggesting that 
the NDs rotate toward the indentation location.  
 
By assuming the axisymmetric condition, the gradient field can be written in polar 
coordinate as (𝑔𝜌, 𝑔𝜃) = (tan 𝜒(𝜌) , 0). Then the deformed surface is reconstructed by 
integration, as 𝑧(𝜌) = ∫ tan 𝜒(𝜌′)
𝜌
0
𝑑𝜌′.  
 
Fig. S16 | The relation of the rotation axes and angles. a, The polar angle 𝜃r and b, the azimuthal angle 
𝜙r of NDs in the eight sets of experiments as functions of 𝜃. The grey line in b is the axisymmetric 
condition 𝜙r = 𝜃 − 90°.  
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Supplementary Information Note 7. Simulation of the gelatin deformation.  
 
Surface tension can play a major role in the mechanics of soft solids12. The dominance of 
surface tension or bulk elasticity can be evaluated using the elastocapillary length scale 𝐿 = 𝜏0/𝐸, 
where 𝜏0 is the surface tension and 𝐸 is the Young’s modulus. When the scale of the deformation 
is much smaller than the elastocapillary length scale, surface tension dominates and flattens the 
surface. A linear-elastic model taking the effect of the surface tension into consideration was 
employed to simulate the deformation of the gelatin upon AFM tip indentation (schematic shown 
in Fig. S17a). In this model, the surface tension is introduced by adding a thin membrane of the 
same material ideally adhered to the bulk with negligibly thickness13. The system was simulated 
following methods given in Ref. 14. Young’s modulus 𝐸 = 6.5 kPa, Poisson’s ratio ν = 0.5 and 
surface tension 𝜏0 = 6.5 mN m−1  were employed as the simulation parameters. The possible 
shape of the AFM tip (cone with tip radius 150 nm, half-angle 8°) was assumed (from SEM). The 
simulated indentation force-depth profile agrees with the experiment results (Fig. S17b). The 
Fig. S17 | Simulation of the gelatin deformation.  a, Schematic of the system with surface tension upon 
indentation. b, The force-depth profile of the indentation on the gelatin (green dots). The grey solid line 
and dashed line represent the simulation results with and without the surface tension, respectively.  
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simulated result of force-depth profile using the Hertzian model6,7 (taking Young’s modulus 𝐸 =
36 kPa and zero surface tension 𝜏0 = 0) is also plotted in  Fig. S17b (dashed line).  
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